Location: Caatinga and Cerrado biomes in Brazil.
| INTRODUCTION
Understanding the mechanisms and processes that generate and maintain biodiversity is one of the major tasks of biogeography and phylogeography. Many ecological, evolutionary and temporal hypotheses have been put forth to explain the origin of the remarkable species diversity in the Neotropical region-one of most biodiversity-rich regions in the world (Antonelli & Sanmart ın, 2011) .
However, despite all efforts, the evolutionary history of the Neotropical biota is still largely unknown and remains controversial (Antonelli & Sanmart ın, 2011; Beheregaray, 2008; Turchetto-Zolet, Pinheiro, Salgueiro, & Palma-Silva, 2013 ). Furthermore, current knowledge is uneven among major regions; the Amazon, Atlantic Forest and Andean Cordilleras have been the primary foci of most studies (Turchetto-Zolet et al., 2013) , while the "open vegetation"
regions have received much less attention (Werneck, 2011) .
South America is crossed diagonally, from north-east Brazil to northern Argentina, by three "open vegetation" biomes, the Caatinga, Cerrado and Chaco, that together comprise the "diagonal" of open formations-DOF (Oliveira & Marquis, 2002; Pennington, Lewis, & Ratter, 2006; Prado, 1993; Werneck, 2011) . The Caatinga is a large nucleus of Seasonally Dry Tropical Forests characterized by xeric vegetation tolerant to high seasonality and unpredictable droughts. South-west of the Caatinga is the Cerrado, the largest Neotropical savanna, with a sclerophyllous, fire-adapted flora characterized by abundant grasses and short, twisted, thick-barked trees.
Further to the south-west is the Chaco, a floristically distinct subtropical mosaic of xerophytic forests and savanna grasses and shrubs. Although these formations harbour high vertebrate species richness and endemism Lima, Ramos, da Silva, & Rosa, 2017; Mesquita, Costa, Garda, & Delfim, 2017) , the tempo and causes of diversification throughout this huge region are poorly known.
Palaeogene (66-23.03 million years ago, mya) and Neogene (23.03-2.58 mya) events apparently had a prominent role in the diversification of the DOF (Colli, 2005; Pennington et al., 2004) .
Eocene and Miocene pulses of Andean uplift were associated with global cooling and increased aridity (Armijo, Lacassin, Coudurier-Curveur, & Carrizo, 2015) , and apparently with the development of savannas and grasslands in South America (Graham, 2011; Latrubesse et al., 2010; Str€ omberg, 2011) . Miocene marine incursions into the Chaco-Paran a basin depression covered extensive lowland areas (R€ as€ anen, Linna, Santos, & Negri, 1995; Rossetti, Bezerra, & Dominguez, 2013) , possibly extinguishing local populations and creating opportunity for subsequent secondary colonization (Garda & Cannatella, 2007; Guarnizo et al., 2015) . Moreover, central Brazil plateau (CBP) erosive subdivision was responsible for additional compartmentalization of the landscape, creating valleys (dominated by more heterogeneous forests assemblages) between plateaus (dominated by savanna-like vegetation; Colli, 2005; Werneck, 2011) . Recent publications have shown that most of the DOF fauna diversified more than 2 mya and shows high levels of genetic diversity, especially the herpetofauna (Domingos et al., 2014; Giugliano, Nogueira, Valdujo, Collevatti, & Colli, 2013; Guarnizo et al., 2015; Maciel, Collevatti, Colli, & Schwartz, 2010; Magalhaes et al., 2014; Oliveira et al., 2015; São-Pedro, 2014; Werneck, Gamble, Colli, Rodrigues, & Sites, 2012) . Nevertheless, some Cerrado bird species confined to enclaves within the Amazon Forest and separated by more than 1,800 km show little divergence between populations, possibly due to high gene flow and/or recent climatic oscillations (Bates, Tello, & da Silva, 2003) . All these scenarios lead to concrete, testable hypotheses regarding factors that likely contributed to the diversification of DOF biota. Despite the importance of the Pleistocene on Neotropical species diversification, we expect lineages deeply structured by Neogene events. Furthermore, we expect that the geomorphological compartmentalization of the Cerrado landscape promoted lineage diversification and separated "old shield" Brazilian plateau lineages from younger ones occurring along depressions. We also expect little or no gene flow between these lineages (figure 4 in Werneck, 2011) .
In addition, Cerrado and Caatinga core areas evolved under distinct climatic conditions (Werneck, 2011) . When compared to Cerrado, Caatinga receives higher solar radiation and is characterized by higher mean annual temperatures, lower cloud cover and lower relative humidity (Prado, 2003; Reis, 1976) . Contrasting environmental conditions can increase divergent selection on species traits, leading to differentiation by means of adaptation and subsequent reproductive isolation (Schluter, 2001) . Indeed, the transition between these biomes has played an important role in diversification and speciation events (Oliveira et al., 2015; Recorder et al., 2014; Werneck et al., 2012) . Thus, we expect that local adaptation driven by divergent natural selection in contrasting environments promoted population structuring in taxa distributed across both biomes. Furthermore, we expect that diversification between lineages occurred with some degree of gene flow.
The lizard Polychrus acutirostris Spix, 1825 (Squamata, Polychrotidae) is widely distributed throughout the Caatinga and Cerrado (Garda et al., 2012) , and represents a good model organism to test diversification hypotheses for this region. In this study, we use mitochondrial and nuclear datasets to characterize the genetic diversity of P. acutirostris and specifically test three hypotheses: (1) Major divergence events within P. acutirostris took place during the Neogene; (2) The geomorphological compartmentalization of the Cerrado landscape increased landscape heterogeneity favouring intraspecific structure between ancient plateaus and younger valleys; and (3) The environmental gradient between Caatinga and Cerrado produced a genetic break within P. acutirostris, due to contrasting environmental conditions.
| MATERIAL AN D METHODS

| Sampling and data collection
We obtained 99 tissue samples of P. acutirostris from 33 localities throughout the Cerrado and Caatinga in Brazil (Figure 1) We sequenced a portion of cytochrome b (cytb) for all 99 individuals, from which we obtained a maximum likelihood (ML) mtDNA gene tree. This guided our selection of a subset of 68 samples representing unique haplotypes from each locality, and these samples were then amplified for three nuclear gene regions: prolactin receptor (PRLR), kinesin family member 24 (KIF24) and cancer susceptibility candidate 5 (CASC5). We performed all analyses with the full dataset (68 individuals with all four markers). Extraction, PCR and sequencing protocols are presented in Appendix S1.
We assembled and checked chromatograms in GENEIOUS â 8.1.7, and aligned sequences using MUSCLE algorithm (Edgar, 2004) implemented in GENEIOUS â 8.1.7. We used the PHI test in SPLITSTREE4 (Huson & Bryant, 2006) to test recombination in nuclear genes, but we found no evidence for recombination. We determined the gametic phase for heterozygous individuals using PHASE (Stephens & Donnelly, 2003; Stephens, Smith, & Donnelly, 2001) , and selected only those individuals with reconstruction probabilities for each allele pair higher than 80%;
otherwise, we removed sequences from the dataset.
| Population assignments
Because our second and third hypotheses were related to spatial structure, we used population assignment methods to determine if genetic breaks were congruent with the plateau and valleys and Cerrado-Caatinga limits. To estimate lineage boundaries and assign individuals to lineages, we used three methods: GENELAND , STRUCTURE (Pritchard, Stephens, & Donnelly, 2000) and BAPS (Corander, Waldmann, & Sillanpa, 2003 GENELAND analyses were performed in "geneland" R package (Guillot, Estoup, Mortier, & Cosson, 2005; R Core Team, 2016) , using three independent runs for nuclear and mitochondrial + nuclear datasets, and varying the number of populations from 1 to 10. Each run consisted of 200 iterations of burn-in, followed by 5,000,000 sampled iterations, sampled every 5,000 iterations. We assumed an explicit spatial model with uncertain coordinates of samples and uncorrelated model for allele frequencies. We are aware that correlated models are more realistic because allele frequencies tend to be more similar between populations . However, when executed under correlated allele frequency, GENELAND's algorithm was unstable, creating "ghost populations". Such instability issues on the correlated algorithm were acknowledged by the authors in the program manual and attributed to higher sensitivity to departures from model assumptions (e.g. the presence of isolation-by-distance). Subsequent analyses were performed considering GENELAND's results and, hereinafter, we use the terms lineage and population interchangeably to refer to recovered populations.
We calculated DNA polymorphism metrics for each inferred population: sample size (n), number of polymorphic sites (S), number of haplotypes (H), haplotype, diversity (H d ) and nucleotide diversity (p).
To assess the degree of population differentiation, we performed an analysis of molecular variance (AMOVA) among inferred lineages in ARLEQUIN 3.5.2.2 (Excoffier & Lischer, 2010) using 10,000 permutations.
| Phylogeographic relationships and divergence times
Our first hypothesis predicts that major divergences took place during the Neogene, so we estimated phylogeographic relationships and divergence times among the well-supported lineages recovered with GENELAND. We performed a Bayesian analysis using the multilocus dataset in *BEAST 1.8.0 (Drummond & Rambaut, 2007; Drummond, Suchard, Xie, & Rambaut, 2012) , and selected the best model of nucleotide substitution using the Bayesian information criterion (BIC) F I G U R E 1 Geographic distribution of sampled localities. Detailed information about each sample and locality is showed at Table S1 . Red circles = Caatinga lineage; green circles = north-east Cerrado; blue circles = south-west Cerrado; Ca = Caatinga, Ce = Cerrado; AF = Atlantic Forest; AM = Amazon, PA = Pantanal [Colour figure can be viewed at wileyonlinelibrary.com] in JMODELTEST 2.0 (Posada, 2008) . We used a Yule process as tree prior jointly with a lognormal relaxed clock (Drummond, Ho, Phillips, & Rambaut, 2006) . Due to absence of fossil records to calibrate the species tree, we adopted an indirect calibration for divergence times within P. acutirostris based on a gene substitution rate through time.
We calibrated cytb according to a global mtDNA substitution rate of 0.65% substitutions/million years using a normal prior (Macey et al., 1998) . We calibrated nuDNA with a default gamma prior for ucld.-mean and exponential prior for ucld.stdev, with a mean of 0.5 (Werneck, Leite, Geurgas, & Rodrigues, 2015; Werneck et al., 2012) .
*BEAST analysis was performed under the assumption of a lognormal relaxed clock that allows the substitution rate to vary over the tree (Drummond et al., 2006) . Because *BEAST requires each allele to be assigned to a given species, we used GENELAND's population assignment as a prior to assign all alleles. We ran three chains of 5 9 10 8 steps, sampled every 5 9 10 4 steps, and applied a burn-in of 10%.
We accessed chain convergence with TRACER 1.6.0 (Rambaut, Suchard, Xie, & Drummond, 2014) , ensuring that all ESS parameters were higher than 200. We summarized all trees using maximum clade credibility in TREEANNOTATOR 1.8.0. Because we obtained low support in the species tree, we assessed the universe of trees sampled using DENSITREE 2.01 (Bouckaert, 2010) .
| Testing diversification history and divergence times through ABC
Our population assignment analysis recovered three lineages, but species tree inference was unable to accurately determine the sequence of divergence events, given the low nodal support (see Results) . For this reason, we tested 12 alternative diversification scenarios that could account for this pattern. First, we estimated parameters to use as prior inputs for the approximate Bayesian computation (ABC), including migration, effective population sizes, divergence times, and historical demography among lineages. Our migration analysis recovered significant migration (gene flow) among lineages (see Table S14 in Appendix S3), therefore violating *BEAST assumptions and likely affecting the species tree inference. Details of our estimates of migration, effective population sizes, divergence times (using IMA2), and historical demography are described in Appendix S2.
To identify the topology that best describes the diversification history of P. acutirostris lineages, we used an ABC approach based on four major diversification scenarios ( We also hypothesized a third scenario of simultaneous divergence (Caatinga, north-east Cerrado, south-west Cerrado) under each demographic and migration model. This scenario would be equivalent to a polytomy, which is not allowed in *BEAST. We also tested the migration recovered with IMA2 in two of our four scenarios (Figure 2b, d) , and two additional migration models among all neighbour lineages (Figure 2a ,c) because IMA2 requires a tree prior and we were not able to infer the best tree in *BEAST. Finally, we incorporated changes in population sizes through time in two groups, as recovered with extended Bayesian skyline analysis ( Figure S2 in Appendix S2).
We performed 500,000 simulations for each model using the "pipemaster" (Gehara et al., in prep.) R package for genetic simulations (available at www.github.com/gehara/PipeMaster). We simulated a dataset similar to our observed dataset (Table 1) bility across all PODs. We also performed cross-validation analyses for model selection and generated misclassification bar plots using the "cv4abc" function in "abc" package. Finally, we estimated divergence times by calculating the posterior probability of the best model.
| Background similarity
To test the effect of environmental variables on the diversification of P. acutirostris, we measured background similarity between 
| RESULTS
| Population assignment and genetic diversity
Final alignments comprised 2,516 base pairs (bp) of mtDNA (837 bp) and nuDNA (1,679, Table 1 ). Percentage of missing data for PRLR, KIF24 and CASC5 were 13.2%, 7.3% and 5.8% respectively. We found high nucleotide and haplotype diversity within mtDNA, while nuDNA genes had low diversity, with PRLR and CASC5 being the most variable (Table 1) . 
| Major relationships, divergence times and migration
Species tree inferred in *BEAST showed low nodal support for the relationship between the two Cerrado lineages (pp = 0.68), dated to 3.94 mya (95% HPD = 1.87-7.11 mya; Figure S1a in Appendix S2).
The oldest divergence between Caatinga and Cerrado lineages was estimated at 4.95 mya (95% HPD = 2.61-9.17 mya; Figure round of comparisons within groups 1, 2 and 3 (Table S3 -S8 and Figure S5 -S6a in Appendix S2). However, the three best models cannot be differentiated with high accuracy (Table S9 -S10 and Figure S6b ).
| Background similarity
Lineage backgrounds based on environmental niche models are more different than expected by chance. Values of D and I metrics between all populations are statistically lower (p < .05) than the null distribution (Figure 4) . Therefore, we reject the null hypothesis that the niches of the three main populations recovered are similar.
We present the area under the curve (AUC) values for all background comparisons for the observed dataset in Table S11 in Appendix S2.
| DISCUSSION
Our findings highlight events that shaped the intraspecific diversity in a lizard species distributed throughout the South American DOF.
Specifically, we found evidence for: (1) 
| Polychrus acutirostris diversification
We found evidence for the role of environmental features in promoting diversification in the lizard P. acutirostris. We recovered a genetic break congruent with the Caatinga-Cerrado ecotone in the north with gene flow between lineages, patterns consistent with our third hypotheses. We found a second break into two Cerrado lineages, which is not compatible with our second hypothesis that accounted for the role of the Cerrado landscape compartmentalization. Furthermore, we found significant gene flow between them, F I G U R E 3 Maps with GENELAND population assignment results showing: (a) the estimated cluster membership of each locality and estimated boundaries for recovered populations, where black dots represent geographic position of each sampled locality; (b-d) posterior probability of belonging to each cluster (Caatinga, north-east Cerrado and south-west Cerrado, respectively). Light areas are associated with high probability of belonging to a given cluster [Colour figure can be viewed at wileyonlinelibrary.com] which also contradicted our prediction. However, we found evidence, based on background tests, for the role of environmental features in structuring these Cerrado lineages (see Discussion below).
Existence of significant gene flow among species/lineages has been documented in other lizards in this region (Oliveira et al., 2015; Werneck et al., 2012) . The south-west-north-east pattern of spatial differentiation is also shared with other squamates and amphibians distributed along the DOF (Recorder et al., 2014; São-Pedro, 2014; Werneck, 2016; Werneck et al., 2012) . It is possible that the Caatinga-Cerrado ecotone break is not as sharp as suggested by our results, given our small sample sizes from this transition region. For instance, Phyllopezus pollicaris and Ameivula ocellifera species complexes distributed in north-east Cerrado also extend further into the Caatinga. Likewise, the north-east Cerrado lineage of P. acutirostris may in fact be more widespread in the Caatinga than our sampling suggests (Oliveira et al., 2015; Werneck et al., 2012) . Even if the north-east Cerrado lineage does extend deeper into the Caatinga, the latter still holds an endemic lineage, underscoring its independent evolutionary history, as opposed to early studies that did not recognize the uniqueness of the DOF biomes (Mares, Willig, & Lacher, 1985; Vanzolini, 1974 Vanzolini, , 1976 .
Our results suggest a prominent role for Neogene events in the diversification of P. acutirostris, as predicted by our first hypothesis.
The quest for an explanation for the high Neotropical biodiversity has persisted for decades and remains controversial (Haffer, 1969; Moritz, 2000; Rull, 2011; Smith et al., 2014) . A dualistic and perhaps naive scenario of Neogene versus Quaternary diversification has been suggested to explain such high biodiversity in this region (Rull, 2008 (Rull, , 2011 (Guarnizo et al., 2015; Magalhaes et al., 2014; Oliveira et al., 2015; Pennington et al., 2004; Werneck et al., 2012) , along with genetic signatures of Quaternary glacial and interglacial climatic fluctuations (Gehara et al., 2017) . However, Quaternary events seem less prominent among DOF taxa, although some species/lineages have diversified within the last 2 mya (Maciel et al., 2010; Pennington et al., 2004; Prado, Haddad, & Zamudio, 2012 fluctuations are conspicuous, with the exception of P. acutirostris (Gehara et al., 2017) .
| Polychrus acutirostris phylogeographic relationships
Accurately ascertaining lineage relationships was the major challenge of this study; our *BEAST species tree analyses failed to resolve the sequence of divergence events. Because *BEAST does not allow polytomies on tree inference and we recovered low support values for lineages within P. acutirostris, we contrasted the two most probable trees against an unresolved tree by means of 12 scenarios of diversification. While our ABC analysis was also unable to resolve the sequence of lineage divergence events, the three models selected provided important insights on the evolutionary history of P. acutirostris. All these three models resolved signatures of recent population expansion in Cerrado lineages, coupled with migration among neighbour lineages. This is the first case of unresolved diversification pattern in the DOF in terms of the sequence splitting events. In contrast, other studies have always resolved sequential, dichotomous patterns of divergence (Werneck et al., 2012; Recorder et al., 2014; Werneck, personal communication) . Our results might be due to low variability of the nuclear markers, gene flow leading to conflicting gene tree topologies or simultaneous population divergence. These issues will have to be further addressed in future studies that include denser molecular sampling.
| Divergence among lineages
Landscape evolution provides unique opportunities for species diversification (Morrone, 2009) . The establishment of the CBP and the subsequent erosive process created relatively young valleys that isolated ancient plateaus. Instead of a single block, the CBP consists of several plateaus with different levels of isolation from each other.
However, we reject our second hypothesis for this role of landscape compartmentalization as a driver of diversification of P. acutirostris.
We recovered evidence of significant gene flow between Cerrado lineages, and we suggest that the main drivers of their diversification were climatic rather than geomorphological. Our background similarity test found evidence of niche divergence, suggestive of ecological speciation in which divergent selective pressures promote species differentiation and lineage structuring in different environments (Schluter, 2001 (Schluter, , 2009 ).
We resolved one lineage restricted to Caatinga and other restricted to north-east Cerrado, but the geographic limit of the Cerrado lineage is unknown and could potentially extend into Caatinga (see above). Although these biomes are part of the DOF and their core areas are characterized by distinct climates, geological and geomorphological conditions, in transition areas they coexist side by side. In addition, those biomes have had distinct climatic histories, with the Caatinga more unstable in the recent past than the Cerrado (Costa et al., 2018) . The Caatinga climate is hotter, more arid and with less predictable precipitation than the Cerrado (Prado, 2003; Reis, 1976) , but the ecotone between these two biomes represents an environmental gradient across which disruptive natural selection could act over time. This is possibly the case for Stenocercus lizards restricted to Cerrado and Caatinga, which maintain their genetic integrity despite their close phylogenetic relationship and geographic proximity (Teixeira et al., 2016) . Caatinga lineages of P. acutirostris attain larger body size and produce larger clutches of smaller eggs than Cerrado lineages (Garda et al., 2012) , and recent studies have proposed speciation due to environmental pressures as a mechanism of diversification between Caatinga and Cerrado lineages (Oliveira et al., 2015; Werneck et al., 2012) .
The isolated locality of Serra do Cachimbo (#8; Novo Progresso, Par a state) was nested within the south-west Cerrado lineage. Interestingly, this locality is a mosaic of open formations and forest within the Amazon biome, and provisional explanations of how of P.
acutirostris reached this "island" habitat may relate to dynamic savanna-forest boundaries in response to climate oscillations (Bush, 2017; Prance, 1996; Wang et al., 2017) .
| CONCLUSION S
Our model-based approach suggests that diversification in P. acutirostris was complex along the South American DOF and involved gene flow among lineages during the Late Neogene. We found a pattern of differentiation along the south-west-north-east axis of the DOF and suggest that niche divergence was likely responsible for the diversification history of P. acutirostris lineages. Finally, we highlight the South American open diagonal as a significant diversification centre. Our results add to a growing number of studies that do not support the traditional view that DOF biomes share the same evolutionary history. We suggest four directions for future biogeographic/phylogeographic studies of the DOF. Firstly, sustained fieldwork to sample a diversity of species, including plants, invertebrates and vertebrates, from shared localities across broad geographic scales throughout this large biodiverse region, including ecotone and transition zones. These samples should be assayed by a modest number of genetic markers (as in this study), to provide a "big picture" perspective. This should be followed by dense population sampling of abundant species for high-resolution phylogeographic studies based on exon capture development of a large sample of nuclear SNP loci (Bragg et al., 2015) , coupled with newer analyses that identify regions of admixture between populations (Bradburg et al., 2016) . Lastly, development of more realistic physiology-based mechanistic models of responses to climate changes (Kearney and Porter, 2009 ) to understand local adaptation and ecological speciation processes, rather than simple estimates of niche envelope space.
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